The wear and friction properties of the MgZnY alloys with a dispersion of the quasi-crystalline phase were investigated using the pin-ondisk configuration. The wear loss rates and the friction coefficient were obtained to be 1. /mm and 0.24 in the extruded alloy, respectively, under the dry wear condition. An effective method to enhance the wear properties in the magnesium alloys was determined to be a homogenous distribution of the quasi-crystalline phase in the coarse-grained matrix. Meanwhile, the grain refinement was not suitable due to grain boundary sliding, i.e., materials softening.
Introduction
There has been a strong demand for the use of magnesium and its alloys for the structural applications from the viewpoint of fuel efficiency. Several kinds of magnesium alloys have been used in automotive applications such as engine blocks, steering wheels and transmission casings. 1) However, the development of magnesium alloys with higher wear and friction resistance is necessary for the applications of many other parts such as the components around the engine parts.
Since the microstructural changes, i.e., the occurrence of grain refinement 2, 3) or grain growth, 4, 5) at the surface region affect the wear and friction properties in metallic materials, some dispersoids, such as fine ceramic and oxide particles, are often introduced into the microstructures intentionally to prevent the microstructural evolution. The icosahedral phase with a quasi-periodic structure differs considerably from the crystalline phase. This phase possesses two-fold or five-fold symmetry, and does not have translational symmetry. 6) In addition, this phase occurs in equilibrium with a matrix phase, and the dispersion of this phase has a definite orientation relationship and a strong interface, i.e., the formation of a coherent interface between the matrix and the particle.
7) The formation of a quasicrystal phase has been confirmed for several MgZnRE (RE is a rare earth element, i.e., Y, Gd, Tb, Dy, Ho and Er) alloy systems, 8) and the alloys with the dispersion of this phase have been confirmed to show not only superior mechanical properties such as high strength and toughness balance at room temperature 911) but also good microstructural stability at elevated temperatures.
12) However, the wear and friction properties of the magnesium alloys containing the quasicrystal phase have not been investigated in detail. Therefore, the impact of the quasicrystal phase distribution morphology and the grain size are examined in this study using the well-known quasicrystal phase dispersed MgZnY alloy.
Experimental Procedure
The Mg14.8 mass%Zn2.9 mass%Y (= Mg6 at%Zn 1 at%Y) alloy, which was produced by casting, was used in this study. This MgZnY system alloy is known to have not only the quasicrystal phase but also the other phases. 7, 8, 12) Thus, the case alloy was subject to heat treatments under the several conditions not only to obtain a high fraction of quasicrystal phase with homogeneous distribution but also to ignore the impact of other phases. The phases were identified by X-ray diffraction (XRD) using Cu-K¡ radiation. Typical XRD patterns are shown in Fig. 1 . This figure shows that the quasicrystal phase is confirmed in all the alloys; however, the alloy, which was heat-treated at the temperature of 733 K for 24 h and then at 673 K for 48 h, is found to have a high fraction of quasicrystal phase with homogeneous distribution but a few presences in the other phases, such as ¢-and Wphases. This tendency was confirmed by optical microscopy and transmission electron microscopy (TEM). Hence, this condition was selected as the heat treatment in this study. Some parts of the heat-treated alloy was also extruded at 673 K with a reduction ratio of 5 : 1 and then at 523 K with 25 : 1 to modify the microstructures. Hereafter, these alloys are denoted as casted, heat-treated and extruded alloys. The Vickers hardness was measured using an indenter with a load of 50 g and a holding time of 15 s. The initial microstructures of all the alloys were observed by optical microscopy and TEM.
The dry wear tests were carried out to evaluate the wear and friction properties of each alloy using the pin-on-disk configuration. The disk was selected to satisfy the ASTM standard-52100 (FeCrC alloy), and the wear tests were performed at a rotation speed, v, of 80 mm/s and a total sliding distance, L, of 288 m, and an applied load, P, of 50 N. These wear test condition was selected based on the previous results.
1315) The wear loss rate, w, and the friction coefficient, ®, were obtained by the following equations;
where ¦m is the difference in weight before and after the wear test, µ is the density (obtained as 2.00 g/cm 3 through the Archimedes method), T is the torque and r is the distance to the specimen (= 15 mm in this study). These properties were obtained from the observations of at least three specimens in each wear test. The specimens with a diameter of 4 mm and a length of 12 mm were machined from each alloy. A mirrorlike surface was obtained by polishing the surface of all the samples before the wear test. The cross sections near the contacted area were observed by optical microscopy after the wear test.
Results and Discussion
The initial microstructures of the MgZnY alloys are shown in Fig. 2 : (a) casted, (b) heat-treated and (c) extruded alloys. The results from the TEM observations are shown as insets in the figures. Figure 2(a) shows the typical casted structure; the matrix is surrounded by the dendrite structures in the casted alloy. However, the microstructural features are altered by the heat treatment and the extrusion. The heattreated alloy (Fig. 2(b) ) has a homogeneous distribution of the particles within the matrix, although the size of the matrix becomes relatively coarse, i.e., ³100 µm, compared to that in the casted alloy. The extruded alloy (Fig. 2(c)) shows a grain refinement with a dispersion of fine particles in the finegrained structures. The grain size in the extruded alloy is 510 µm, and the detail TEM results of the extruded alloy, which was produced at the similar extrusion condition, are reported in elsewhere.
16) The TEM observations inset in Figs. 2(a) and 2(b) reveal that the dendrite structures and the distributed particles are made up of the quasicrystal phase (marked as the i-phase in the figures), which are the same as in Fig. 1 . This tendency for the dispersion of quasicrystal phase that appears in Mgx at%Zny at%RE alloy (where the x/y ratio is 27) has been observed elsewhere. 912, 17, 18) The results of the hardness measurement and the wear test are summarized in Table 1 for each MgZnY alloy. The friction coefficient of all the alloys shows almost similar; however, the friction coefficient of pure magnesium is reported to be 0.33 under the same wear testing condition. 13) The dispersion of quasicrystal phase is effective to improve the friction properties. On the other hand, the extruded alloy has the largest wear loss rate among all the alloys. This result indicates that the grain refinement in the magnesium alloy is not suitable for enhancing the wear properties.
Typical cross-sectional images after the wear tests are shown in Fig. 3 : (a) casted and (b) extruded alloys. In magnesium and its alloys, the deformation twins form readily during the plastic deformation due to the lack of slip system. 19) Our previous deformed microstructural observations in the magnesium alloys after the wear test confirmed the twinning formation; 13) however, the present results do not show any existences of twinning. The presence of particles, e.g., quasicrystal phase, within the matrix is reported to play the role of suppressing twinning formation (increasing the twinning stress).
9) The created stress during the wear test does not exceed the stress for the formation of twinning.
In addition, Fig. 3 shows that the initial microstructures tend to affect the deformed microstructures. The matrix and the particles in the extruded alloy flow along the sliding direction, while the microstructures in the casted alloy do not show any changes even under the same wear testing condition. The microstructural changes are strongly related to the surface temperature, since the temperature at the contact region between the sample and the disk increase during the wear tests. The surface temperature in magnesium and its alloy is reported to be 350400 K, which were obtained through measurements from experiments 20) and estimations 13) under a similar wear testing condition. When a stress was applied to the alloys with fine-grained structures at elevated temperatures, materials softening occurred due to the grain boundary sliding. 21) Some recent papers have reported the wear properties of magnesium alloys at elevated temperatures.
2224) Das et al. showed that when the ratecontrolling mechanism during the wear test is grain boundary sliding, the wear loss rate increased dramatically, which indicates a decrease in the wear properties. 23) A previous study also confirmed that grain boundary sliding is the dominant deformation mechanism at the temperature of 573 K using the MgZnY alloy with a grain size of less than 10 µm. 25) On the other hand, the quasicrystal phase has the role of creating the pinning effect during the deformation at not only room temperature 11) but also at even elevated temperatures, i.e., superplastic regime. 25) However, these previous fracture surface observations show that the quasicrystal phase is not the origins of the crack propagation site in the fatigue tests 26) and the micro-void nucleation site in the toughness tests 11) due to the strong matching between the quasicrystal phase and the matrix. Thus, it is difficult for the quasicrystal phase to become the microstructural factor that decreases the wear properties. A large wear loss rate and the observation of metal flow in the extruded alloy are due to the partial occurrence of grain boundary sliding. The prevention of grain boundary sliding during the wear test is important for improving the wear properties in the magnesium alloy.
Finally, the wear properties in the MgZnY alloy are compared to those in magnesium and its alloys. The present results, e.g., Table 1 , show that grain refinement is not suitable for enhancing the wear properties in magnesium.
However, grain refinement occurs readily and is observed under thermomechanical processing such as extrusion and rolling, since magnesium has a lower stacking fault energy than that of the other metallic materials. 29) The recrystallized grain size is influenced by these thermomechanical processing condition, e.g., temperature and speed etc.; the finegrained structures are obtained at lower temperature and/or in higher processing speed. Recent study has reported that the recrystallized grain size, d rec , in magnesium alloys is expressed by the empirical equations with including Zparameter (¼ _ ¾ Â expðQ=RT Þ), which is given by:
where A is the constant, d in is the initial grain size, _ ¾ is the strain rate, Q is the activation energy (= 135 kJ/mol 29) ) and RT is the thermal activation. This equation indicates that the value of Z-parameter increases at lower temperature and/or higher strain rate. Hence, when the alloy has a high Zparameter, the fine-grained structures are obtained at the thermomechanical processing condition, i.e., low temperature and/or high processing speed. The relationship between the specific wear rate and the Z-parameter is shown in Fig. 4 . The processing (extrusion) condition to obtain the fine-grained structure (less than 5 µm) is cited from the Refs. 13, 16, 3036) and is summarized in Table 2 . The results of the wear rate under the dry condition with an applied load of less than P = 200 N and a rotation speed of less than v = 1 m/s are also quated from the coarse-grained magnesium and its alloys. 1315, 20, 3739) This figure shows that the specific wear rate is closely related to the Z-parameter, i.e., processing condition. The alloys with a low Z-parameter, e.g., the magnesium alloys containing a long periodic Þ tan ª where v is the extrusion speed, d 0 is the container diameter, d 1 is the extrusion diameter and ª is the semi-angle of conical die. These values are summarized in Table 2. stacking ordered (LPSO) structure, 38, 41) is difficult to undergo grain refinement at low temperature, and thus, these alloys indicate superior wear properties. 41) 
Summary
The MgZnY alloys were used to investigate the effect of the microstructures, i.e., the distribution morphology of the quasicrystal phase and the grain size, on the wear and friction properties. An effective method to improve the wear properties was determined to be the uniform distribution of quasicrystal phase particle in the coarse-grained matrix.
However, grain refinement was not considered to be a suitable microstructural factor due to the occurrence of grain boundary sliding, i.e., materials softening, during the wear test. The alloy that had a low Z-parameter indicated good wear properties because of suppression of grain refinement. Table 2 The processing (extrusion) conditions to obtain the fine-grained structures in magnesium and its alloys. where T is the extrusion temperature, v is the extrusion speed and R (= d 0 /d 1 ) is the extrusion ratio.
